Background. Studies of older persons show consumption of light-to-moderate amounts of alcohol is positively associated with cognitive function and, separately, is negatively associated with total brain volume (TBV). This is paradoxical as generally, cognitive function is positively associated with TBV. We examined the relationships of TBV, global cognitive function (GCF), and alcohol consumption in a population-based cohort of 3,363 men and women (b. 1907-1935) participating in the Age Gene/Environment Susceptibility-Reykjavik Study (2002)(2003)(2004)(2005)(2006) and who were free of dementia or mild cognitive impairment
H
EAVy alcohol consumption and alcoholism are detrimental to cardiovascular health as well as to cognitive and neurological functioning (1) . However, there are reports of a J-shaped relationship between alcohol consumption and the risk for a number of adverse health outcomes (2) , suggesting light-to-moderate alcohol intake may provide health benefits. These benefits may include a decrease in the risk of Alzheimer's disease and dementia, as reported in several population-based studies of older persons (3, 4) .
To better understand these cognitive benefits, other studies have examined the association of alcohol intake to cognitive function (5, 6 ) and separately to brain structure (7) (8) (9) . When reviewing these studies, the expectation is, given cognitive function and total brain volume (TBV) are positively associated (10, 11) , that both will have similar relationships to alcohol intake. Studies on cognition in nondemented populations find moderate alcohol intake is associated with better function (12) (13) (14) , although the relationship is less clear in studies that include participants with dementia (5, 6, 15, 16) . In contrast, studies of magnetic resonance imaging (MRI) show no association, or an inverse association, of TBV, to increasing alcohol consumption (7, 8) . When combined, these two sets of studies suggest that some alcohol intake has either no effect or a positive association with cognitive function, and a negative association with TBV. Thus, these findings create a paradox (Supplementary Figure) .
Generally, the alcohol and cognitive analyses are reported in separate articles from the alcohol and brain volume studies. By studying these relationships in the same cohort and thus minimizing methodological issues that cloud comparisons across studies (15) (16) (17) (18) (19) (20) , we may be able to better understand this inconsistency and advise older patients on alcohol consumption.
Here, we investigate the relationships among alcohol consumption, cognitive function, and TBV in a large and well-characterized population-based cohort of older persons participating in the Age Gene/Environment SusceptibilityReykjavik Study (AGES-Reykjavik Study).
Materials and Methods

Study Population
The AGES-Reykjavik Study, described elsewhere (21) , is a follow-up of the Reykjavik Study initiated in 1967 by the Icelandic Heart Association to monitor the cardiovascular health of the Icelandic population. The Reykjavik Study 
Measurement of Alcohol Consumption
Alcohol consumption data were derived from health questionnaire responses. Drinking status categories (abstainer, former drinker, current drinker) are based on the following closed questions: "Do you drink (alcohol) now?" "Did you drink between the ages of 40-59 years old?" and "Was there any other time in your life during which you drank?" Among current alcohol drinkers, the following questions were asked about amount consumed: "How often do you drink (alcohol) in a month?" and "How many drinks do you consume on a single occasion?" We multiplied the number of occasions by amount consumed on each occasion to calculate the approximate number of drinks consumed per month. We multiplied the product by the standard 14 grams of ethanol per drink and then divided this value by 3.25 to determine grams of ethanol consumed per week.
Measurement of Cognition
As described previously (22) , cognitive scores were derived from a battery of six neuropsychological tests from which three domain scores were calculated: memory, speed of processing, and executive function. The composite memory score included the immediate and delayed recall portion of a modified California Verbal Learning Test (23) . The speed of processing score included the Figure Comparison Test (24) , the Digit Symbol Substitution Test (25) , and the modified Stroop Test parts 1 and 2 (26) . The executive function score included the Cambridge Neuropsychological Test Automated Battery Spatial Working Memory Test (shortened version) (27) , the Digits Backward Test (25) , and the Stroop Test part 3 (26) .
Measurement of Brain Volumes
As described previously (28) , MRI scans were performed on a 1.5-T signa Twinspeed system (General Electric Medical Systems, Waukesha, WI) and included an axial T1-weighted 3-dimensional, a proton-density/T2-weighted fast-spin echo (PD/T2), and a fluid-attenuated inversion recovery sequences. Cerebrospinal fluid, gray matter, white matter, and white matter lesion volumes were segmented automatically with the AGES/Montreal Neurological Institute pipeline, an automatic brain tissue segmentation computer algorithm (29) . Intracranial volume was calculated by summing all segmented areas. Percentage of TBV (%TBV) was calculated as a percentage of the sum of gray matter, white matter, and white matter lesions relative to the intracranial volume. %TBV was also transformed into a Z-score so it could be compared with cognitive scores.
Measurement of Covariates
We adjusted our analyses for previously described variables (21, 22, 28) that are potentially confounding or are known to be associated with alcohol consumption or cognitive function (30, 31) . These included age, education level, and current depression status measured by the short version of the Geriatric Depression Scale, and self-reported overall health status; mid-life body mass index, and systolic blood pressure; and late-life reported smoking status, coronary calcium load measured by computed tomography, high-density lipoprotein cholesterol concentrations, and presence of the apolipoprotein E ε4 allele, a marker for genetic susceptibility to Alzheimer's disease. We additionally considered several other variables that may confound the association of interest including mid-life occupation status and physical activity, as well as late-life leisure activity, presence of hypertension, coronary heart disease, type 2 diabetes, statin use, low-density lipoprotein and triglyceride concentrations, and MRI-detected cerebral infarcts and microbleeds. However, adding these additional measurements to the model only slightly attenuated relationships and so they were not included in the final analyses.
Analytical Sample
The AGES-Reykjavik Study included 5,764 participants of whom 4,614 had a MRI scan and 4,224 also had cognitive test scores. Of the remaining participants, we excluded 33 individuals from analyses because their responses to the alcohol questions were incomplete. Furthermore, we excluded persons with dementia, mild cognitive impairment, or unknown cognitive status to reduce unreliability in the responses to the alcohol questions. Of the remaining 3,622 participants, we excluded 232 due to missing covariate data.
Among this analytical subsample, 30.2% (n = 600) of women and 10.0% (n = 138) of men reported never consuming alcohol and were considered abstainers, 7.6% (n = 150) of women and 15.9% (n = 218) of men reported being former drinkers, and the remaining 1,240 (62.4%) women and 1,019 (74.1%) men reported currently consuming alcohol. As the definition of moderate drinking differs between women and men, we created separate consumption categories for each and stratified our analyses by sex, similar to previous studies (7, 8, 12) . We chose the strategy of sex-standardized variables so we could validly compare outcomes within sex, and relationships between men and women. Further, binge drinking (5 drinks on any occasion within the past 30 days) was coded as heavy drinking (32) . Female current drinkers were classified as very light (<1 drink per week; n = 866; 43.6% of current female drinkers), light-to-moderate (1-7 drinks per week; n = 372; 18.7%), and heavy (>7 drinks per week; n = 15) drinkers. Current male drinkers were categorized as very light (<1 drink per week; n = 470; 34.2% of current male drinkers), light (1-7 drinks per week, n = 444; 32.3%), moderate (7-14 drinks per week; n = 105; 7.6%), and heavy (>14 drinks per week; n = 12) drinkers. The 27 heavy drinkers were excluded due to small sample size, resulting in a final sample of 3,363 subjects (women: n = 1,988; men: n = 1,375). As expected, subjects included in the analyses were younger, overall healthier, and had higher levels of education, global cognitive function (GCF), and %TBV compared with those excluded due to dementia, mild cognitive impairment, or missing an adjudicated cognitive status.
Statistical Analysis
We transformed the cognitive and MRI variables into sex-specific Z-scores ([individual value of "x" − group mean "x"]/standard deviation of "x"). A GCF score was created by standardizing all three cognitive domains by sex (22) and summing the three standardized domain scores. Likewise, we transformed %TBV into Z-scores stratified by sex. These Z-score transformations rank individuals in the same units so it is possible to compare a person's rank in the cognitive distributions compared with the %TBV distributions. For instance, if an individual had a cognitive Z-score of 1 and a %TBV Z-score of −0.5, this would suggest the person performs relatively better on the cognitive test compared with the others, but has a relatively smaller %TBV compared with the others.
Analysis of variance and logistic regressions were used to compare baseline characteristics, adjusting for age, by drinking status and across current drinker categories. To better understand the relationships among alcohol, cognition, and brain volume, we examined the question from three different perspectives: First, we examined the association of alcohol intake to cognitive function and %TBV Z-scores, separately, using analysis of variance models. Second, we wanted to see if the association of cognitive function across alcohol categories was similar to that of TBV and alcohol intake. Here, we hypothesized the slopes of GCF scores and %TBV would be similar across categories, as they should be if cognition and brain volume are related. This was tested in one model where we compared the slopes of the relationships of cognitive and %TBV Z-scores across levels of alcohol consumption categories. This was implemented in a generalized mixed model and tested by the interaction between GCF scores and %TBV as they relate to alcohol intake (33) . Third, to further investigate whether the cognitive-%TBV associations differed depending on the alcohol category, we hypothesized similar slopes within categories of alcohol consumption. This question was also tested with a mixed model.
For these three questions, we estimated three models: model 1 was adjusted for age, model 2 was further adjusted for education and depression status, and model 3 was adjusted for all covariates. All analyses of %TBV were further adjusted for intracranial volume as an indicator of head size. Statistical tests were performed in SAS version 9.1.3 service pack 3 (SAS Institute Inc., Cary, NC); all tests were two-sided and α = .05
Results
In both women and men, age, high-density lipoprotein cholesterol, and education levels were significantly different across drinking status and alcohol consumption categories (Tables 1 and 2 ). Approximately half the former and current drinkers were also former smokers. For the most part, both male and female current drinkers were overall healthier than abstainers.
Cognition and Brain Volume Separately
For both women and men, the GCF score significantly varied across drinking status categories, whereby current drinkers had the highest cognitive function scores, and former drinkers had the lowest scores (Supplementary Table 2 ). Among men and women, consumption categories differed significantly after adjusting for age, but full adjustment (Model 3; Supplementary 
Association of Alcohol Intake Categories to Cognition and TBV Compared Concurrently
The associations to alcohol of GCF and %TBV differed (Figure 1 ; test for interaction, p < .001 in both women and men). Upon further inspection, among women, the mean %TBV Z-score was lower than the mean cognition Z-score in light-to-moderate current drinkers (Supplementary Table 1 ). Among men, the mean %TBV Z-score and cognition did not differ by alcohol consumption level until moderate consumption, where the %TBV Z-score measure was lower than the cognitive Z-score.
Cognition and TBV Association Within Alcohol Groups
Among women, the relationship between GCF and %TBV was positive in all alcohol groups (abstainers Figure 2 ). There were no statistically different slopes among the alcohol categories, but there was among the intercepts (p = .004), such that light-to-moderate drinkers had higher cognitive function scores than light drinkers, who had higher scores than abstainers, who had higher scores than former drinkers. Among men, the pattern was similar to women, with their respective slopes being: abstainers (β = 0.064, p = .02), former drinkers (β = 0.049, p = .004), very light drinkers (β = 0.059, p < .001), light drinkers (β = 0.047, p = .0003), and moderate drinkers (β = 0.048, p = .03). Among moderate drinkers, the relationship of brain volume to cognitive function was somewhat attenuated, but there were no significant differences between any of the slopes. The differences between intercepts were significant (p < .02). Adjustment for the presence of the apolipoprotein E ε4 allele did not change these results.
Discussion
Cognitive function is positively associated with the underlying brain structure, and risk factors associated with one of these measures is expected to be similarly associated with the other. This analysis was motivated by the seeming paradox in the literature about positive and negative associations of light-to-moderate alcohol intake on the brain. Notes: ApoE-ε4 = apolipoprotein E ε4; BMI = body mass index; BP = blood pressure; GDS = Geriatric Depression Scale; HDL-C = high-density lipoprotein cholesterol.
* The results for our first question were similar to other studies in that former drinkers had the lowest GCF compared with abstainers and current drinkers; there was no association with amount consumed. We also found no association of %TBV to alcohol categories. For our second question, we found the alcohol-brain and alcohol-cognition association significantly differed, suggesting individuals were not ranked similarly in tissue volume and cognitive function. Overall, we found higher alcohol intake (but still at light levels of intake) was associated with better cognitive function, but those who consumed alcohol did not have higher %TBV as would be expected. Our third question showed similar cognition-TBV slopes within each alcohol category. We conclude from the total set of findings that the paradox exists to the extent individuals are not ranked the same in measures of cognition and brain volume. Our findings are based on a study with a number of strengths. AGES-Reykjavik is a large cohort with wellcharacterized cognitive function and brain structure measures. We were able to adjust for a number of potentially confounding factors that could explain associations of alcohol intake to cognitive function and %TBV. We separated life-long abstainers from former drinkers, who, as has been found previously, may have stopped drinking alcohol for health reasons (17, 34) . Furthermore, we conducted these analyses simultaneously and in one cohort, so methodological or study-specific characteristics do not confound the comparisons of the associations of alcohol intake to brain structure and function.
There are some issues that need to be taken into account when interpreting these findings. These analyses are based on cross-sectional data so the temporal relationships among change in cognitive function and %TBV cannot be studied. We also use current intake as a proxy for long-term drinking habits. Further, alcohol intake was self-reported. Although studies show self-reported alcohol consumption to be generally reliable (35), we attempted to reduce recall error by excluding those with dementia or mild cognitive impairment from all analyses. Excluding these participants means our results cannot be generalized to this group. Further, the participants who were included in these analyses were slightly healthier compared with those not included. However, the Notes: ApoE-ε4 = apolipoprotein E ε4; BMI = body mass index; BP = blood pressure; GDS = Geriatric Depression Scale; HDL-C = high-density lipoprotein cholesterol.
*Adjusted for age. † Mean (SD).
extent to which our results are affected by bias depends on whether the associations between the independent and dependent variables differ between included and excluded participants.
We found some gender differences in the alcohol associations, which may be due to amounts consumed or possible differences in the way men and women metabolize alcohol (7). On average, however, we note that compared with other cohorts (3, 6, 36) , the distribution of alcohol consumption is lower among AGES-Reykjavik participants. Other studies show heavy drinkers make up approximately 5%-25% of the total cohort, whereas in the AGES-Reykjavik cohort, they comprise less than 1% of all participants. This difference in levels may explain why a negative association of TBV to alcohol intake only starts to emerge among the men, who had relatively the highest level of alcohol consumption. However, the low sample sizes for moderate male drinkers may contribute to the lack of statistically significant findings in our first and third analytical approach. Longitudinal studies that are able to measure the loss of cognitive function This discrepancy between the cognitive and brain structure findings may reflect several factors. Light-to-moderate alcohol consumption is often associated with a lower risk of coronary heart disease and several putative biologic mechanisms have been proposed. Moderate alcohol consumption may increase the concentration of high-density lipoprotein, lower the oxidation rate of low-density lipoproteins, reduce blood clotting and platelet aggregation, and can reduce blood pressure (30) . A recent study suggested that these mechanisms could reduce arterial stiffness and thus mediate the coronary heart disease pathway (37) . Reducing the risk of coronary heart disease and atherosclerosis also lowers the risk of cognitive impairment (38) . Although we could not control for all the proposed mechanisms, we believe including high-density lipoprotein and blood pressure in our analyses shows that these mechanisms alone do not explain the observed differences in cognitive function and %TBV.
Cognitive reserve may explain the discrepancy between cognitive function and %TBV across alcohol consumption levels. The concept of cognitive reserve suggests that among individuals who live in "enriched environments," neural plasticity will be sustained as the brain ages, and neural networks can be remapped to maintain cognitive function despite the loss of brain volume (39) . It is possible that moderate alcohol consumption, or the psychological and biologic benefits associated with such consumption (40) , contribute to compensatory mechanisms in the aging brain. Differences in education, head size, or engagement in cognitively stimulating activities have been suggested as proxies for cognitive reserve and were included in our analyses; our results though were not changed. However, measures of cognitive reserve are still being developed and ours may not fully capture the concept. Further, several measures of brain structure and brain physiology that are not evaluated by structural MRI sequences may explain our observed discrepancy.
In conclusion, our findings suggest the relationship between brain volume and cognitive function may provide some benefit, but be diminished in persons drinking at the upper limit of "moderate" intake. In the context of exploring the effects of alcohol on brain structure and function, unmeasured differences in the general level of literacy, engagement in physical or cognitively stimulating activities, morbidity, and cultural and economic differences across study populations may play a role in the discrepancies between alcohol and different brain characteristics. 
